The effect of temperature dependent asymmetric line broadening is investigated in Cu(NO3)2·2.5D2O, a model material for a 1-D bond alternating Heisenberg chain, using the high resolution neutron-resonance spin-echo (NRSE) technique. Inelastic neutron scattering experiments on dispersive excitations including phase sensitive measurements demonstrate the potential of NRSE to resolve line shapes, which are non-Lorentzian, opening up a new and hitherto unexplored class of experiments for the NRSE method beyond standard line width measurements. The particular advantage of NRSE is its direct access to the correlations in the time domain without convolution with the resolution function of the background spectrometer. This novel application of NRSE is very promising and establishes a basis for further experiments on different systems, since the results for Cu(NO3)2·2.5D2O are applicable to a broad range of quantum systems.
I. INTRODUCTION
Thermal decoherence of quantum states is of widereaching importance for the application of quantum materials. The generic scenario encountered in condensed matter is due to quasiparticle interactions associated with exponential loss of coherence in the time domain and manifests in a symmetric Lorentzian-type line broadening in energy [1] [2] [3] [4] . According to the standard quasi-particle interaction theory the principal effect of the temperature is to increase this Lorentzian line width corresponding to shortening the lifetime by more frequent collisions. Such behavior is accessible in magnetic systems 5, 6 where even the appearance of universal line width behavior for chain systems has been proposed [7] [8] [9] . However, in dimensionally constrained systems and those with hard core interactions it can be expected that strongly correlated effects should become evident and these will modify the decoherence in time away from an exponential form.
Experimental studies on Cu(NO 3 ) 2 ·D 2 O (copper nitrate), a model material for a 1-D bond alternating Heisenberg chain (AHC), have detected the development of non-Lorenzian line shapes using inelastic neutron scattering (INS) 10 . Non-perturbative calculations which take into account the cummulative effect of quantum interference effects in collisions have predicted such nonexponential decoherence in the time domain and their non-Lorentzian energy line shapes 11, 12 . Further, the direct application to the dimerized chain 13, 14 provides approximate agreement with the temperature dependence observed experimentally. Subsequently non-Lorentziantype line broadening has been observed in a 3-D dimerized magnet Sr 3 Cr 2 O 8 , and it has been argued that these may be found in a broad range of quantum systems 10, 15 . In the present work, we explore the neutron spin-echo triple-axis technique (NRSE-TAS) 19, 20 as an alternative FIG. 1. Principle of spin echo measurements. In order to be sensitive to correlations in the sample the probing wavefunction itself must retain a well defined phase correlation. In standard neutron scattering instrumentation this correlation extends only over a single finite region in space (leftmost black area). With neutron spin echo the correlation volumes of the two spin states in the magnetic field are associated with different kinetic energies and therefore are spatially separated by the precession field before the sample (areas in red and blue mark correlation volumes of the up and down spin states respectively). They probe the same point in real space at different times. The spin echo time τ is the temporal separation of the correlation volumes probing the sample at times t and t + τ . The scattered wave functions preserve the timeseparated correlation now including the imprint of samplerelated time correlation. A second precession region reverses the separation. Finally, the expectation value of the neutron polarization σx is measured providing a sensitive probe of time-correlations in the sample 16-18 . approach to the study of line shapes and widths of spin excitations. The particular advantage of the neutron spin-echo method is its capability to directly probe correlations in the time domain, the natural dimension for such processes. NRSE-TAS gives access to time scales which correspond to features in energy in the µeV-range and so is able to probe slow physical processes inacces-sible to conventional INS. As a second advantage, background intensity has no influence on the line width or asymmetry due to the fact, that the background with its broad distribution in energy is depolarized and does not contribute to the measured NRSE signal. This is in contrast to conventional INS (ToF and TAS), where inaccuracies in background subtraction affects both the line width and the asymmetry. As a third advantage, the deconvolution of the data with the instrument resolution function necessary in conventional INS reduces to a simple normalization of the raw data in the case of spin-echo. The quantity measured by neutron spin-echo is the polarization of the neutron beam P = σ x , defined as the expectation value of the x-component of the neutron spin operator. An intuitive picture is given in terms of two correlation volumes associated with spin up and spin down spin states 16, 17 (Fig.1) . The correlation volumes are finite spatial regions with a well-defined phase correlation of the neutron wavefunction. The longitudinal and transverse widths of the correlation volume are the inverse of the divergence and monochromaticity of the neutron beam, respectively. Inside the precession regions, the kinetic energies of the spin up and spin down states split 21 and the two correlation volumes acquire a relative time delay τ (spin-echo time). The spin states then scatter at the sample at times t and t + τ , where τ is identical to the van-Hove correlation time 18 . After cancellation of the time-delay in a second inverted precession region, the scattered waves interfere at the detector such that the polarization P is a direct measure of the time-dependence of the intermediate scattering function I (Q, τ ):
ω 0 is the mean energy of the excitation. The instrumental resolution is proportional to τ , which is limited only by the homogeneity of the precession field and is independent of the size and shape of the correlation volumes. As theories are usually formulated in the momentumenergy space (Q, ω), in practice eq. (2) is used to model spin-echo data:
where S(Q, ω) is the scattering function. The factor T (ω) describes the transmission of the so-called background spectrometer, a TAS in the present case. Usually T (ω) is much broader than the narrow line widths studied with spin-echo and thus is set to unity. The resolution function P 0 (τ ) includes effects from the sample, such as mosaic spread and curvature of the dispersion sheet, and instrumental effects resulting, for example, from small imperfections of the precession regions 22 . Classical NSE instruments based on DC fields generated by long solenoids were very successful during the past decades in the study of quasi-elastic scattering, i.e. with a mean energy transfer of zero. Famous examples of non-exponential relaxation with nonLorentzian line shapes observed by NSE include relaxation of spin-glasses 23, 24 , the stretched exponential relaxation of glasses 25, 26 , deviations from the exponential relaxation in ferromagnets 27, 28 or the characteristic relaxation due to reptation in polymers 29, 30 . For the study of excitations outside the quasi-elastic regime with finite energy, such as phonons and magnons, it proved necessary to combine the spin-echo and the triple axis (TAS) techniques and thus to select a small region in the (Q, ω) space. A first version of the spin-echo TAS method using DC precession coils found indirect evidence for non-Lorentzian line shapes for a phonon mode in germanium 31 . In previous studies of spin excitations using NRSE-TAS, only Lorentzian line shapes were observed 1,32,33 .
II. EXPERIMENT
Copper nitrate (Cu( 38 corresponding to excited dimer states that hop from site-to-site along the chain. For the dominant exchange couplings (interdimer J = 0.443 meV, intradimer J ′ = 0.101 meV) the magnon bandwidth is small compared to the gap and due to the small alternation ratio α = J ′ /J ≈ 0.227, there is a clear energy separation of about 0.5 meV between intra-band transitions, single magnon excitations, and two magnon continua even at high temperatures 10 . High-quality single crystals of Cu(NO 3 ) 2 ·D 2 O were grown at the HZB, Berlin, using the enrichment and solution growth method 10 . The single crystal used throughout the experiments had a mass of 4 g and a deuteration ratio of > 99.38 %.
The NRSE-TAS spectrometer TRISP 19 ( Fig. 2 ) at the FRM II was used to study the one-magnon mode at at the minimum of the dispersion corresponding to Q = (1 0 1) r.l.u., ω 0 = 0.385 meV, where the intensity is maximized. The copper-nitrate crystal was aligned in the (h 0 l) scattering plane in a closed cycle 3 He cryostat. TRISP was operated with a graphite (0 0 2) monochromator and a Heusler (1 1 1) analyzer, with scattering sense SM = −1, SS = −1, SA = 1 at the monochromator, sample, and analyzer, respectively (−1 is clockwise). With k i = 1.7Å −1 , the TAS energy resolution in this configuration is 0.30 meV (vanadium width, FWHM), which was in the present case sufficient to suppress the elastic background to about 2 % of the signal amplitude. The frequencies applied to the coils C1 − C4 (see Fig. 2 were tuned according to the spin echo tuning conditions eqs. (4, 5) in ref. 20 . At TRISP, the polarization of the neutron beam (eq. (2)) is determined by scanning the coil C4 along the beam direction, such that the length of the second precession region differs by T C4 from the first one. This leads to a sinusoidal variation of the count rate I(TC4), where one period ∆TC4 = k f /(mν eff ) corresponds to a 2π rotation of the neutron spins. ν eff is the effective neutron Larmor frequency 39 , m is the neutron mass. This scan is repeated for different values of τ , with the present parameters τ [ps] = 0.145ν eff [kHz] . The polarization is the contrast of the modulated count rate
where I 0 is the mean intensity corresponding to P = 0, TC4 0 is a phase offset.
One complication met in spin-echo experiments on spin excitations arises from the π spin flips of the neutron spins during the scattering process (Fig. 3) . In spin-echo, the neutron spins accumulate different Larmor phases in the first precession region due the spread in k i , which is ∆k i /k i ≃ 0.015 with k i = 1.7Å in the present experiment. This spread of the phase is proportional to B 0 , and typically is much larger than 2π at the highest fields. Thus at the sample, the neutron spin phases are spread within a plane perpendicular to B 0 , the precession plane. At TRISP, B 0 is vertical, and the precession plane is horizontal. This situation is different to 1-D polarization analysis 40 , where at the sample all neutron spins are aligned in the same direction, parallel (or anti-parallel) to a guide field. If no spin flip occurs during scatter- ing in the spin-echo spectrometer (nuclear scattering), the polarization is recovered in the second precession region with inverted field direction −B 0 and forms the so called spin-echo 23 . For the spin flip scattering in spinecho experiments, the two cases of spin fluctuations M y and M z have to be distinguished (Fig 3) : M z adds a phase π to the neutron spin phase, whereas M y inverts the sign of the neutron spin phase, and thus effectively inverts the sign of the first precession field B 0 . Thus, to fulfill the echo condition for M z (M y ) fluctuations, the polarity of the fields must be anti-parallel (parallel) 41 . If both types of spin fluctuations contribute with equal amplitudes, it is better to choose the parallel field configuration, as in this case nuclear non-spinflip background is dephased and will not contribute to the polarization. In practice, the magnetic structure and the fluctuations are often not exactly known or obscured by the formation of domains. Thus at TRISP the suitable B 0 configuration (parallel or anti-parallel) is experimentally determined. In the present case, both M y and M z were expected to contribute equally to the aforementioned π flips, but the anti-parallel configuration showed better polarization close to the expected P (τ = 0) = 0.5 and therefore was chosen for the subsequent measurements.
Spin-echo data were collected at 4 temperatures (0.5 K, 2 K, 2.5 K, 3 K) below the characteristic activation temperature of the gap (T = 4.5 K), for τ in the range 14.5 ps to 112.6 ps. Typical count rates were 10/min and 5.6/min at 0.5 K and 3 K, respectively. A background rate of 1/min was subtracted from all scans.
III. DATA ANALYSIS
A phenomenological function describing an asymmetric modified Lorentzian lineshape has been used for the analysis of magnon line shapes measured by ToF-INS 10 :
Here, the argument of the usual Lorentzian is replaced by a polynomial, that includes two parameters to model the asymmetry, an asymmetry term α(ω/Γ) 2 , and a damping term γ(ω/Γ) 3 . A symmetric Lorentzian is obtained for α, γ = 0. The function provides reasonable results for fitting the ToF data in the ω space, but tends to give unphysical solutions with several peaks at the zeros of the polynomial when applied to the spin echo data. To avoid these multiple peaks, we keep Γ and α as independent variables, and calculate γ, such that the second derivative of ∂ 2 S(ω)/∂ω 2 has only two zeros, defining the inflection points of the peak. Other representations of asymmetric Lorentzians 42 with only one asymmetry parameter gave no satisfactory description of the ToF data.
The usual way to model NRSE data consists in a 2-step fitting process. First, the magnitude of the polarization P and the phase TC4 0 for one τ value are determined by fitting eq. (3) to the raw data (Fig. 2, inset ). Then the model S(ω) is fitted to |P (τ )| using eq. (2). The phase TC4 0 in eq. (3) is usually neglected, as it contains only a trivial factor ω 0 τ . In the present case with asymmetric linewidths, TC4 0 also carries information about the asymmetry, and thus was included in the analysis. Besides the structure factor S(ω), and the spectral width ∆k i of the incident beam, also the aforementioned π spin flips and the TAS energy resolution have to be modeled in the data analysis, but it proves difficult to implement all these factors in an analytical expression. In a first attempt we calculated the polarization P (τ, TC4, ω 0 , Γ, α, γ, k i , ∆k i ) using a Monte Carlo (MC) ray tracing simulation of the spectrometer, which tracks the spin phase of individual neutrons running through the precession regions and spectrometer. The TAS was simplified by defining a Gaussian spectrum for the incident neutrons (∆k i /k i = 0.015 (FWHM)), and a Gaussian probability distribution of energy transfers ω (0.3 meV FWHM). The fitting procedure based on this simulation took excessively long time to converge, as the minimization algorithm of the fitting function 43 is disturbed by the statistical noise of the MC algorithm. Finally we simplified the model by using discrete equally spaced values instead of random numbers to select the k i and ω.
The model P (τ ) is shown in Fig. 4 for a narrow symmetric Lorentzian and a broad asymmetric line. P shows fast oscillations for τ < 10 ps arising from an interference of the spins flipped by fluctuations M y and M z , which were assumed to contribute with equal weight. In the chosen anti-parallel B 0 configuration the M y component does not obey the echo condition and is rapidly damped. In the present experiment with τ min = 14.5 ps, these fast interference oscillations are not visible. The weight of the component M y determines the constant factor P 0 in eq. (3), where for isotropic fluctuations we expect P 0 = 0.5, which is in good agreement with P 0 = 0.47 (3) obtained for the present data. The phase shift between the two curves in Fig. 4(b) is in the order of a few 10
• and is similar to the 3 K data in Fig. (7) . Fig. 5 shows the data and the model I(τ, TC4) for T = 0.5 K. The data where collected by scanning the length T C 4 of the second precession region for a set of spin-echo times τ . The structure factors S(ω) resulting from the fit show a clear asymmetry increasing with T . The resulting parameters Γ, α, and γ (eq. (4)) are plotted in Fig. 6 and are compared to the parameters obtained for the ToF data fitted with the same model, where both for the spin-echo and the ToF data γ is calculated from Γ and ω. The agreement between the two methods is surprisingly good, although the analysis of the ToF data included subtraction of a sloping background and deconvolution with a Gaussian resolution function (σ = 0.017 meV). At first sight, the quality of the spinecho data looks worse than ToF with larger errorbars and thus an increased scatter. On the other hand, the intrinsic width Γ and the asymmetry α are obtained by spinecho method without including assumptions about the background or the spectrometer resolution. The larger error bars on the spin-echo data are due to the low count rates, as in spin-echo the losses in the neutron polarizer and analyzer cost about 2/3 of the intensity, and additionally the polarization and thus the signal is reduced by a factor of 2 due to the π flips of the neutron spins upon scattering.
IV. RESULTS AND DISCUSSION
In the following paragraphs the phase of the polarization resulting from our model (Fig. 4) is discussed. For a symmetric S(ω), a phase shift ∆φ at a constant τ occurs only if the peak ω 0 of the line shifts, but is otherwise independent of the width or shape of this line:
Eq. (5) is frequently used to determine the T -dependence of the excitation energy ω 0 (T ). With τ = 100 ps and a typical statistical error in the phase of a few degrees, energy shifts ∆ω 0 on the order of 1µ eV can be detected without knowledge of the line shape and width 44 . This powerful method for measuring the renormalization of ω 0 fails in the present case with a T -dependent asymmetry of the line shape. The phase shift ∆φ(τ, T ) = φ(τ, T ) − φ(τ, T = 0.5) between the polarization curves (Fig. 4) relative to T = 0.5K. P (τ, TC4 = 0) (see Fig. 4 ) for the parameters obtained from the fits of the spin-echo data from Fig. 5 are plotted in Fig. 7 . Here the phase of the lowest temperature T = 0.5 K was taken as a reference. The clear non-linear evolution of the phase shift is a direct consequence of the non-linear lineshapes. This also means that applying eq. (5) to non-symmetric lineshapes leads to meaningless results for the energy shift ∆ω. The relation between ∆φ(τ ) and the asymmetry depends on the specific line shape and can in general only be calculated numerically from eq. 2. To further investigate the breakdown of the simple relation in eq. (5), we measured ∆φ(T, τ ) for two values of τ , 24 ps and 47.5 ps, again such as all previous measurements at the minimum of the dispersion curve at Q = (1.11 0 0.855). The data ∆φ vs. T are displayed as black dots in Fig. 8 . The phase shift resulting from our model for the parameters of Fig. 6 shows good agreement with the data within statistical accuracy. In contrast, the phase shift calculated from eq. (5), where ∆ω was taken as the shift of the center of gravity of the asymmetric line with parameters Fig. 6 , clearly disagrees with the experimental data. The observation that the phase of the polarization obtained from asymmetric lineshapes with a T-dependent asymmetry is not proportional to ∆ω is one of the main results of this paper. Thus in this case application of eq. (5) to calculate ∆ω will lead to wrong results. On the other hand the phase carries information about the line shape and thus should be included in the fit determining S(ω).
V. CONCLUSIONS
A new application of the NRSE method dedicated to line shape analysis on dispersive excitations has been pre- sented opening up opportunities to look at strongly correlated quantum systems and extend beyond the more conventional systems investigated so far. This method was applied to the temperature dependent asymmetric line broadening present in the 1-D bond alternating Heisenberg chain material Cu(NO 3 ) 2 ·D 2 O. The results clearly demonstrate that the NRSE approach has the potential to detect anomalous effects due to strong correlations, which arise from the dimensional constraint of the system and hard core interactions of the excited states 10 . The particular advantage is the direct access to decoherence in the time domain and therefore the method complements the frequency measurements using conventional neutron spectroscopy. Further, the NRSE method does not depend on systematic errors arising from the convolution with the resolution function as in conventional spectroscopy. Its extremely high resolution also opens up the possibility to overcome the resolution limitations of energy domain measurements imposed by monochromating components.
Furthermore, as the second important result it could be shown, that for a line shape differing from a Lorentzian the phase of the spin-echo signal becomes a non-linear function of the spin-echo time τ . In this regard analysis beyond the conventional phase shift of a single spin echo time is necessary.
The results and applications are promising and establish a basis for further experiments on different quantum systems and high resolution measurements of edge singularities can now be made to test field theories and critical exponents in quantum critical systems.
